al. [20] [21] [22] for correcting severe spinal deformities. The technique enables translational and rotational correction of the spinal column and offers the advantage of a controlled manipulation of both anterior and posterior columns at the same time through a single posterior approach. 30 Pedicle subtraction osteotomies (e.g., hemivertebra excision) remove the pedicle and vertebral body (with the hemivertebra) with no contact with the discs above and below the removed vertebral elements. In contrast, PVCR resects not only the pedicle and vertebral body with the hemivertebra but also the discs above and below the hemivertebra and results in body-to-body contact. 7, 9, [36] [37] [38] Posterior vertebral column resection can correct more deformities, particularly kyphotic deformity, through sufficient shortening of the posterior column and achieve increased bony union through bone-to-bone contact of the vertebral body even if the coronal curves are not severe. Therefore, PVCR is a very powerful operative method for correcting severe spinal deformities.
No reports in the literature exist that have described the long-term outcomes after posterior-only approaches involving PVCR to correct congenital scoliosis. We evaluated the outcomes of and complications arising from PVCR for congenital scoliosis in children younger than 18 years and the long-term effects of this technique on deformity correction, including curve maintenance.
Methods

Patient Cohort
The records of 66 patients who had a diagnosis of congenital scoliosis due to a hemivertebra and who underwent PVCR and posterior fusion with pedicle screw fixation (PSF) at our institution between 1997 and 2004 were retrospectively reviewed for deformity correction immediately after surgery and at long-term follow-up examinations. Our hospital institutional review board approved this study before data collection and analysis. The inclusion criteria were as follows: 1) congenital spinal deformity requiring surgical treatment for a curve magnitude greater than 25° with fast progression, which included documented progression of the curve of more than 5° in a 6-month period, failure of conservative treatment, or both; 2) PVCR with bilateral pedicle screw instrumentation; 3) age at the time of surgery younger than 18 years (the skeleton development tends to stop at this age); and 4) a minimum follow-up length of 10 years.
All of the patients in this study underwent PVCR (see Fig. 1 for an example). Cases that involved simple excision of the hemivertebra, pedicle, or both, or of a vertebral body without disc excision, were excluded from this study.
The clinical and radiographic follow-up evaluations were conducted postoperatively (within 4 weeks) and at 3 months, 6 months, 1 year, 2 years, and then every 2-3 years thereafter. Of 66 patients, 20 were lost to follow-up, and 1 patient was excluded because of a vague margin of anatomical markers. Therefore, 45 patients met our criteria, and the 10-year follow-up rate was 68.2% (45 of 66 patients). All patients were younger than 18 years at the time of the operation, with a mean age of 11.3 years (range 2.4-18.0 years); the mean length of the follow-up period was 12.8 years ( Table 1) .
The patient cohort included 29 boys and 16 girls. Of these 45 patients, 10 showed additional anomalies in the following structures or organs: 1) spine (4 patients; 1 astrocytoma and 3 syringohydromyelia), 2) genitourinary system (4 patients; 2 ectopic kidneys, 1 renal agenesis, and 1 corpus luteal cyst), and 3) cardiopulmonary system (2 patients; 1 Tetralogy of Fallot and 1 tricuspid valve regurgitation).
Twenty-four of the patients had a single-level hemivertebra, and 21 had complex congenital deformities, which included double hemivertebrae in 4 patients, multiple hemivertebrae in 11 patients, hemivertebra with a block vertebra in 2 patients, and hemivertebra with unsegmented bar in 4 patients ( Table 2) . Fifty-four PVCR operations were performed; 11 patients underwent PVCR in the tho- Fig. 1 . left: Dorsoventral and lateral radiographs of the spine of a 10-year-old girl who had a congenital hemivertebra at T-11 and whose spine had a left thoracolumbar scoliosis angle of 40° and an SK angle of 54°. The patient underwent PVCR of T-11 and posterior T9-L2 PSF. right: Dorsoventral and lateral 11-year follow-up radiographs indicating that the main curve showed no progression and maintained an angle of 12°.
racic spine (T1-9), 34 in the thoracolumbar region (T10-L2), and 9 in the lumbar spine (L3-5).
Surgical Procedures
The senior author performed all surgeries, which were conducted with somatosensory evoked potential (SSEP) monitoring. The posterior elements of the spine were carefully exposed at the affected and adjacent levels, including the lamina, facet joint, and transverse processes.
In cases of thoracic hemivertebrae, the rib heads and costotransverse joints on the convex side were removed to allow for complete resection of the lateral wall of the vertebral body and for untethered motion of the vertebral column. In the lumbar spine, the transverse process was osteotomized at its base and left there with muscle attached to facilitate bony union. Facetectomy was performed to promote intraarticular fusion and soft-tissue release; pedicle long-arm reduction screws were inserted segmentally on both sides, except for the resected hemivertebra. Intraoperative posteroanterior and lateral radiographs with K-wires at the presumed ideal pedicle entry points were taken to monitor safe insertion of the pedicle screws.
The neural elements, including the dura and nerve roots, were identified with wide laminectomy and bilateral foraminotomies. After the screws on the concave side of the spinal curve were fixed with a temporary rod, meticulous subperiosteal dissection was performed down to the lateral wall of the vertebral body of the hemivertebra until the anterior surface of the body was easily palpable. Segmental vessels were carefully preserved. Under direct vision, the pedicles and vertebral body of the hemivertebra were removed with a small osteotome and rongeur.
The hemivertebra body and the adjacent discs on both sides above and below it were removed in arbitrary order and gradually toward the medial and opposite sides. A thin rim of the posterior vertebral wall beneath the dura was left intact. The anterior wall was also removed in this fashion, and care was taken to leave the soft tissue tube anterior to the vertebral body intact. When an adequate amount of vertebral body was removed, the entire portion of the posterior wall was removed with an Epstein reversecutting curette and pituitary forceps. After the resection of the posterior wall on the convex side, another temporary rod was inserted on this side and securely locked to the screws with slight compression to shorten the vertebral column. The temporary rod on the concave side was then removed to allow discectomy and resection of the remaining hemivertebra.
Because in a hemivertebra there is no pedicle or vertebral body on the concave side, both the upper and lower discs of the hemivertebra on this side are merged and form one disc. This concave disc remnant had to be removed for complete release of the deformity. The deformity was gradually corrected by repeated additional compression and shortening of the vertebral column, which was compressed by alternately tightening down the temporary rods on both sides. The compression causing a shortening of the resected gap was continued until there was an excess of exposed dura without unintended distraction or kinking of the neural elements. After compression and shortening of the resected gap, the temporary rods were replaced one by one with precontoured permanent rods on both sides to avoid any loss of correction at the resected gap. Arthrodesis by posterior fusion was carried out with local bone after decortication.
Postoperative Care
Patients underwent mobility exercises at 1 week postoperatively in a localizer cast, which was worn for 3 months, and were then fitted with a thoracolumbosacral orthosis for 3-6 months to maintain spinal stability, correct the deformity, enhance the bony union, and allow early mobilization.
radiographic Measurements
Whole-spine anteroposterior and lateral radiographs were reviewed preoperatively, 4 weeks postoperatively, and at the last follow-up to assess the deformity correction and spinal balance.
The magnitudes of the spinal curves were assessed with several parameters. Coronal balance (CB), sagittal balance (SB), segmental kyphosis (SK), thoracic kyphosis (TK), and lumbar lordosis (LL) were measured as balance parameters. 4, 5, [7] [8] [9] 16, 29 The magnitudes of both main and compensatory curves were measured with the Cobb method, using the end vertebrae determined on the preoperative standing radiographs. Coronal balance and SB were measured on standing radiographs; CB was measured as the deviation of the C-7 plumb line from the center sacral vertical line and SB as the distance from the C-7 plumb line to a perpendicular line drawn from the posterosuperior corner of the sacrum. Sagittal balance was assessed positive (+) when the C-7 plumb line was anterior to the posterosuperior corner of the sacrum and negative (−) when the C-7 plumb line was posterior to the posterosuperior corner of the sacrum. Segmental angles of kyphosis or lordosis were measured from the upper endplate above the hemivertebra to the lower endplate below the hemivertebra. Lumbar lordosis was measured from the upper endplate of T-12 to the upper endplate of the sacrum. The TK was measured from the upper endplate of T-5 to the lower endplate of T-12.
To minimize interobserver measurement error, all radiographs were examined by 2 authors who did not participate in the operation. The means of these measurements were used in the analysis.
Statistical analysis
A repeated-measures ANOVA test was performed for comparisons among dependent variables. Student's t-test was performed at each time point as a within-subject variable. A difference was considered statistically significant at p < 0.05.
results
Deformity Correction
For all patients, the mean preoperative Cobb angle of the main curve of 46.5° improved to 13.7° immediately after PVCR and was 17.6° at the last follow-up. The mean correction rate was 70.5% immediately postoperatively and 62.2% at the last follow-up, indicating a mean loss of correction of 8.3% during the follow-up period (Table 3) .
For the compensatory cranial curve, the mean preoperative Cobb angle of 21.2° improved to 9.1° postoperatively and was 10.9° at the last follow-up. The correction rate was 57.1% postoperatively and 48.6% at the last follow-up, indicating a loss of correction of 8.5% during the followup period.
For the compensatory caudal curve, the mean preoperative Cobb angle of 23.8° improved to 7.7° postoperatively and was 9.8° at the last follow-up. The correction rate was 67.6% postoperatively and 58.8% at the last follow-up, indicating a loss of correction of 8.8% during the follow-up period. With the PVCR procedure, correction of the compensatory cranial curve was less than that for the compensatory caudal curve both immediately postoperatively and at the last follow-up (Fig. 2) .
Changes in Cb and Sb
The mean preoperative CB of 11.5 mm improved to 9.6 mm immediately postoperatively and was 9.1 mm at the last follow-up. The mean preoperative SB of −5.3 mm improved to 2 mm postoperatively and was 19.7 mm at the last follow-up (Table 4) . However, these changes were not statistically significant, and CB was less influenced by the procedure than SB. The CB was maintained during the follow-up period, but SB deteriorated during that time.
Changes in the Sagittal Plane
All hemivertebra spines showed kyphotic deformity (i.e., a positive value) before PVCR. The mean Cobb angle of SK in all patients was 31.6° preoperatively and significantly improved to 8.7° immediately postoperatively and was 7.7° at the last follow-up. The mean Cobb angle of TK was 24.5° before surgery, 21.5° immediately postoperatively, and 24.5° at the last follow-up. The mean LL angle was 42.7° before surgery, 37.2° immediately postoperatively, and 41.3° at the last follow-up (Table 4) . Consistent with previous reports, PVCR for hemivertebra correction did not significantly influence TK and LL because of the proximal and distal curve compensations at the segments adjacent to the PVCR sites. 31 
operative Data
As shown in Table 1 , the mean operative time was 221 minutes (range 80-405 minutes), and the estimated blood loss was 1916 ml (range 270-6000 ml).
Complications
We observed 22 complications in 16 patients (Table 5) , and the overall complication incidence was 48.9%. We noted 4 cases of transient neurological deficits immediately postoperatively that resolved within 3 months. Two of these deficits were caused by hematomas, which were evacuated immediately. One case of superficial wound infection was treated with incision and drainage. There was 1 case of screw malposition, but no major vascular or permanent neurological complications related to the pedicle screws inserted were observed.
Several late postoperative complications occurred as follows. In 4 patients, we observed screw pullout or metal failure, which consisted of a broken rod with distal screw pullout, and 2 of these patients underwent revision surgery. Five patients showed adding-on deformity with a progression of the curve. Of these 5 patients, 2 were fitted with a brace (for an example, see Fig. 3 ), and 3 underwent revision surgery (for an example, see Fig. 4 ). In 2 patients, late wound infections occurred that were addressed by removing the implant. None of the patients showed the crankshaft phenomenon at the last follow-up.
Discussion
The treatment of patients with severe pediatric deformities has traditionally included both anterior and posterior approaches to the spinal column. This is still the most common treatment for patients with severe and rigid spinal deformities. Recently, vertebral resection performed either circumferentially or via a posterior-only approach using PSF has become an alternative treatment for these spinal deformities. Vertebral column resection for rigid scoliosis was first described by MacLennan in 1922. 24 This procedure was performed through a costotransversectomy approach. Since this first report, many authors have noted that vertebral column resection is effective in treating patients with rigid spinal deformities. For instance, Leatherman reported performing a circumferential vertebral column resection for severe rigid spinal deformity. 19 In the late 1980s, Bradford reported on the use of a circumferential vertebral column resection coupled with concave rib osteotomies, convex thoracoplasty, and segmental spinal instrumentation with fusion in 13 patients. 6 In 1991, Boachie-Adjei and Bradford expanded on Bradford's original case series by reporting on the outcomes in 16 patients who underwent a circumferential vertebral column resection, which resulted in excellent deformity correction. 3 More recently, Suk et al. 37 introduced a posterior-only approach to vertebral column resection for fixed lumbar deformities and severely rigid scoliosis. 35, 36 Many authors also have reported on sequential series of PVCR. For example, Lenke et al. noted that PVCR improved the major curve in 35 children (51% with scoliosis, 55% with global kyphosis, 58% with angular kyphosis, 54% with kyphoscoliosis, and 60% with congenital scoliosis), whose deformities were due to congenital, idiopathic, or neuromuscular causes, but these authors also observed a 40% overall complication rate with this technique. [20] [21] [22] Posterior vertebral column resection in young children is not yet well established. To the best of our knowledge, until now, there have been no reports on surgical outcomes of PVCR in the treatment of congenital scoliosis with long-term follow-up (i.e., longer than 10 years). Therefore, we focused on the deformity correction after PVCR and its long-term effects, including curve maintenance as well as complications in children younger than 18 years with congenital scoliosis. The fusion level should be selected for correcting the deformity, preventing curve progression, and reducing the influence of adjacent vertebral growth. However, the fusion should be as short as possible. In addition, posterior instrumented fusion can lead to an abrupt transition from mobile segments to stiff junctional stress areas, extensive dissection of the paraspinal musculature, and resection of those lamina and facet joints that weaken the integrity of the posterior structures above and below the fusion segments. 7, 8 It is sufficient to use PVCR with monosegmental or 2-level fixation in children 6 years or younger, that is, before structural changes occur above and below the vertebral bodies resected by PVCR. In children of older age, fusion of more than 2-3 levels above and below the PVCR is usually required because short fusion with PVCR may induce adding-on deformity when the levels are fused with segmental PSF.
In spite of the presence of complex and severe deformities in the patients in our study, we did not use any intraoperative spinal navigation systems. We evaluated the preoperative CT axial view and used the K-wire method during the pedicle screw insertion as follows. The presumed pedicle entry points were decorticated with a rongeur to facilitate the insertion of the guide pins. The guide pins were inserted at a depth of 1 cm through the exposed cancellous bone at the presumed pedicle entry point. Different sizes of K-wires were used on both sides.
Intraoperative posteroanterior and lateral roentgenograms were taken to determine the association between the presumed entry point and the ideal entry point identified on the radiograph. These radiographs helped determine the ideal direction of the screws. Taking the transverse angle of the pedicles into consideration, we defined the ideal pedicle entry point in a neutrally rotated vertebra at the junction of a line parallel to the vertebra endplates and bisecting the pedicle and the lateral margin of the pedicle ring shadow on the posteroanterior radiograph. We also considered that in the rotated vertebrae, the ideal pedicle entry point of the pedicles on the side of the rotation (i.e., the convex side of the scoliosis) moves more medially, whereas the ideal pedicle entry point on the opposite side (the concave side) moves more laterally with increasing vertebral rotation. [35] [36] [37] [38] According to the results of the present study, correction rates of the main curve with PVCR were similar to those reported in previous studies of the technique. A systematic review of PVCR for correcting spinal deformity by Yang et al. 41 reported a scoliosis correction rate of the main curve of 61.2%. Ozturk et al. 30 reported a main scoliotic curve correction of 62% for PVCR in the treatment of patients with severe congenital kyphosis, scoliosis, or kyphoscoliosis. Lenke et al. 21 reported a correction rate of the major curve of 60% in pediatric patients with congenital scoliosis, and Jeszenszky et al. 15 noted that PVCR corrected the major curve at a rate of 57% in patients with early-onset spinal deformities. Our main curve correction rates of 70.5% after surgery and 62.2% at the last followup were similar to but somewhat higher than those observed in these previous reports, which may have included patients with much more severe preoperative deformities. We note that the results of our study, based on a follow-up period of more than 10 years, show that PVCR improved the main curve long term.
Curve corrections with posterior hemivertebra resection have been reported to range from 30% to 78% for the compensatory cranial curve and to reach about 60% for the compensatory caudal curve. 27, [31] [32] [33] In the present study, the correction rates of the compensatory cranial curve were 57.1% immediately postoperatively and 48.6% at the last follow-up, and those for the compensatory caudal curve were 67.6% immediately postoperatively and 58.8% at the last follow-up. This finding indicates that PVCR corrects the cranial compensatory curve to a lesser extent than the caudal compensatory curve. Fig. 3 . a: Dorsoventral and lateral radiographs of the spine of a 13-year-old boy who had congenital hemivertebra at T-11 and whose spine had a 41° scoliosis angle and an SK angle of 27°. The patient underwent PVCR of T-11 and posterior fusion of T8-L2 with pedicle screws. b: A 9-month postoperative radiograph showing that the main curve improved to 5° with satisfactory deformity correction. C: A 2-year follow-up radiograph demonstrating that the distal lumbar curve progressed, and this progression was managed with a brace. D: A 10-year follow-up radiograph of the same patient.
Coronal balance and SB were both not much affected by PVCR. Although CB was maintained at the last follow-up, SB became worse during the follow-up period. This observation indicates that SB may deteriorate during further growth, even if the SB was initially within the normal range for a child or adolescent. The CB and SB values varied between the serial radiographic assessments, especially in very young children, and depended on body position. Nevertheless, the spine was sufficiently balanced in most of the patients at the last follow-up. Regarding the sagittal alignments, both TK and LL values did not significantly change after PVCR and also remained stable during the long follow-up period. The values for TK and LL were less influenced by the PVCR for hemivertebra because of compensation within the adjacent segments. 31 Anterior fusion across the resection gap was performed in all patients. The anterior column reconstruction was performed with autogenous cancellous bone grafts in all patients and additional titanium mesh was inserted in 4 patients. After resection and deformity correction, the height of the anterior interbody gap was measured, and if the height was less than 5 mm, an autogenous cancellous chip bone was placed into the anterior gap. If the height was greater than 5 mm, a titanium mesh cage and additional autogenous bone were placed to provide reliable anterior column reconstruction without excessive shortening. An optimal size of the anterior structural graft would allow a tight fit of the anterior gap, effectively supporting the load and increasing the chance of bony fusion without causing compression or undue tension in the neural elements. Titanium meshes have the advantage of offering additional stability because they are strong enough to be pushed into the bone and are serrated at both ends so that they can enter the bone beds through compression. This property provides structural support for load transfer from above to below the resected vertebrae during the period before bony fusion is complete. [35] [36] [37] The estimated blood loss in our study was somewhat high for relatively short PVCR procedures in children. Reconstructive spinal surgeries may lead to a large blood loss, which is a primary potential cause for increased morbidity rates and postoperative complications. Accurate hemostasis is therefore critical. Although we did not administer antifibrinolytics intraoperatively, we meticulously performed hemostasis with electric cauterization and gauze packing and used only bone wax and hemostatic matrices (e.g., Gelfoam or Surgicel). Recently, we have begun administering antifibrinolytics (i.e., tranexamic acid) intraoperatively and using various types of hemostatic matrices for reducing blood loss during PVCR for treating patients with severe scoliosis because substantial bleeding in PVCR results from both the resections of the pedicles and vertebral body and the disruption of fragile epidural veins.
One major concern of PVCR is the risk for neurological complications. In this study, we observed 4 cases of transient neurological deficits, but none was permanent. This may be related to the fact that the spinal cord and nerve roots were under direct observation during the PVCR, and, therefore, direct injury could be avoided. Monitoring of motor evoked potentials (MEPs) was introduced in 2006 and was not available in our hospital at the time the patients in this study were operated on. We used SSEP monitoring or the wake-up test. We note that neuromonitoring (with MEPs) should now be imperative during PVCR procedures.
Pseudarthroses do not always result in instrumentation failures. We did not check CT scans routinely at the follow-ups for monitoring bony healing, but we used the scans if we suspected metal failures or pseudarthroses. We observed 4 cases of metal failure or screw pullout during the follow-up period, and CT scans were performed, but no additional pseudarthroses were detected in any of the patients at the last follow-up. Five of the patients showed the adding-on phenomenon with a progression of the curve. We noted 1 case of main curve progression and 4 cases of compensatory curve progression. Of these 5 patients, 3 underwent revision surgery. The need for revision surgery for curve progression may be due to incomplete hemivertebra resection, improper fusion levels, or failure of anteroposterior fusion.
One patient underwent revision surgery for main curve progression. This progression may have been due to incomplete hemivertebra resection, improper fusion levels, or both. The remnant of the hemivertebra remaining after surgery may cause deterioration of the main curve and of the compensatory curves. Patients with progression of compensatory curves had no increased curvature at the PVCR levels that were fused with segmental PSF. This observation may be due to a short fusion, which may induce an increase in the curvature of more than 20° above and below the fusion levels. We note that it is important that the adjacent compensatory curve be corrected to less than 20°.
The crankshaft phenomenon results from the continued growth of the anterior column in the presence of a posterior tether, which causes rotation of the fused segments. 11 This mainly occurs in skeletally immature patients younger than 10 years who have open triradiate cartilages. We did not observe any cases of the crankshaft phenomenon. This adverse effect was probably prevented by the biomechanical characteristics of the pedicle screws that served as structural ties and provided resistance to the longitudinally directed forces through the 3 columns of the spinal vertebra. 31, 39 We have learned a lot from our extensive experience with PVCR and recommend the following practices to reduce postoperative complications with PVCR: 1) note that the level of resection should be the apex of the deformity; 2) use monoaxial, long-arm reduction screws, which provide rigid fixation, shorter fusion, easy insertion of the rod into screws, and gradual correction by compression alternately on both sides; 3) apply pedicle screws in every segment; 4) fix the temporary rod before destabilization; 5) do not use intraoperative rod bending in situ; 6) use a cage for anterior column support when the gap is more than 5 mm wide, and 7) perform neuromonitoring (with SSEPs or MEPs) at all times.
This study has some limitations. Data were analyzed retrospectively, and because the PVCR outcomes were evaluated only with radiographic parameters without any corresponding clinical parameters such as pain or disability scores, clinical information on the patients' quality of life or functional outcomes were not available. Therefore, additional studies are needed to correlate radiographic findings after PVCR with clinical outcomes (e.g., with Scoliosis Research Society 24, visual analog scale, or Oswestry Disability Index scores). Moreover, cosmesis plays an important role in the satisfaction of congenital scoliosis patients with surgical outcomes, 7, 9 but patient satisfaction in this area was also not assessed in the present study. The second limitation is that the outcomes of PVCR for single-level hemivertebra were included in this study, and the mean angle of the preoperative main curve of 46.5° indicated that the deformities in our patients were not severe overall. A progressive curve angle of greater than 25° appeared to be the reason for an early intervention, especially for a 3-column resection, in some of the cases included here.
Posterior vertebral column resection has to include a complete circumferential excision of both bone and disc. Segmental resection or pedicle subtraction osteotomy fails to sufficiently correct the rigid fixed deformity in congenital scoliosis. Therefore, this deformity has to be corrected with PVCR because this procedure offers a greater extent of correction, particularly of kyphotic deformity. The PVCR approach enables sufficient shortening of the posterior column and helps achieve better bony union through improved bone-to-bone contact of the vertebral body even if the coronal curves are not severe. Our patients underwent excision of both the pedicle and vertebral body and of the discs above or below the hemivertebra at both sides, and these resections induced sufficient instability to correct the deformity. We note that even in cases of singlelevel hemivertebra, we excised discs along with the hemivertebra for complete correction because without the disc excision, the fixed deformity due to congenital scoliosis could not be corrected sufficiently.
It would be of interest to compare the success rate of correcting the deformity due to a single-level hemivertebra with that of correcting deformities involving more complex spinal abnormalities, but this question was not addressed in the present study. Another limitation is that the present study had only a small number of patients; therefore, additional studies with a larger number of patients will be needed to evaluate our results.
Conclusions
Posterior vertebral column resection is effective for treating patients with congenital scoliosis who are younger than 18 years. In these patients, PVCR and fusion with PSF achieved rigid fixation and satisfactory deformity correction that was maintained for more than 10 years. However, PVCR is a technically demanding procedure and entails risks for major complications and excessive blood loss.
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